Purpose In the present study, we reported two cases of TS with mosaic ring X chromosome showing common clinical characteristics of TS like growth retardation and ovarian dysfunction. The purpose of the present study was to cytogenetically characterize both cases. Methods Whole blood culture and G-banding were performed for karyotyping the cases following standard protocol. Origin of the ring chromosome and degree of mosaicism were further determined by fluorescence in situ hybridization (FISH). Breakpoints and loss of genetic material in formation of different ring X chromosomes r (X) in cases were determined with the help of cytogenetic microarray. Results Cases 1 and 2 with ring chromosome were cytogenetically characterized as 45, X [114]/46Xr (X) (p22.11q21.32) [116] and 45, X [170]/46, Xr (X) (p22.2q21.33) [92], respectively. Sizes of these ring X chromosomes were found to be~7 5 and~95 Mb in cases 1 and 2, respectively, using visual estimation as part of cytogenetic observation. In both cases, we observed breakpoints on Xq chromosome were within relatively narrow region between Xq21.33 and Xq22.1 compared to regions in previously reported cases associated with ovarian dysgenesis. Conclusions Our observation agrees with the fact that despite of large heterogeneity, severity of the cases with intact Xinactive specific transcript (XIST) is dependent on degree of mosaicism and extent of Xq deletion having crucial genes involved directly or indirectly in various physiological involving ovarian cyclicity.
Introduction
Turner syndrome (TS) is a common chromosomal disorder in females with prevalence of 1 in 2500 live births [39] . TS is cytogenetically characterized as 45, X. In 6-15 % of the cases, individuals with TS also have another cell line with 46 chromosomes due to presence of an extra ring chromosome X [11, 40] . Ring chromosomes may be formed by either terminal breaks of two arms of the chromosome and their rejoining leading to loss of genetic material [38] . They may also be formed by telomere-telomere fusion with no deletion, resulting in formation of a complete ring [10] -the so-called Mc Clintock mechanism [3] . Other complex mechanisms resulting in its formation includes terminal deletion and a contiguous inverted duplication due to an inv-dup-del rearrangement [15, 37] .
Capsule In the present study, molecular cytogenetic mapping of ring X chromosomes narrowed down the critical region associated with ovarian dysgenesis between Xq21.33 to Xq22.1. The study further suggested that severity of clinical manifestation in the cases is dependent on degree of mosaicism and extent of Xq deletion.
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* Amit Kumar Rai akrai10@gmail.com 1 Phenotypes associated with ring X chromosome are common features of TS which include short stature, peripheral edema, characteristic facial features, low posterior hairline, ovarian dysgenesis, endocrine disorders and autoimmune conditions. Besides these, individuals with r (X) can also present with mental disorders, learning difficulties, autistic spectrum disorders, craniofacial abnormalities, cardiovascular problems, skeletal system problems and dermatological problems in severe conditions [7, 18, 19, 30, 45] . Clinical manifestation in these cases are dependent on origin, size, replication timing of the ring chromosome, genes affected by copy number variations, level of mosaicism and status of X inactivation [17] .
In the present study, we reported molecular cytogenetic characterization of two cases of ring X chromosome with different degree of mosaicism showing common clinical characteristics of TS. Breakpoints on Xq were restricted within a narrow region between Xq21.33 to Xq22.1 compared to other such reported cases.
Material and methods
Cases referred from the Department of Gynaecology, Sir Sunderlal Hospital, Banaras Hindu University, Varanasi, India, were registered at our centre, Centre for Genetic Disorders, Banaras Hindu University, Varanasi. Parents had given their written consent for the detailed study. Clinical history was recorded. Five millilitres peripheral blood was drawn in a sterilized syringe under complete aseptic conditions. Serum was separated from 2 ml of peripheral blood by centrifugation at 3000 rpm for 5 min and stored at −80°C till hormonal assay was performed. Rest of the blood was transferred in heparinized vial. Whole blood culture was set with 0.5 ml peripheral blood for cytogenetic experiment and rest of the peripheral blood was used for extraction of genomic DNA following modified salting out method [25] for cytogenetic microarray experiment.
Case presentation
The first case was a 16-year-old girl who was presented with complaint of primary amenorrhoea and poorly developed secondary sexual characters. She was diagnosed with bilateral retinoschisis, hypoplastic uterus and small ovaries. The second case was a 21-year-old married woman who had oligoamenorrhoea and primary subfertility. She also had short stature and a ultrasonographic scan showed a hypoplastic uterus. The clinical features of both the cases are summarized in Table 1 . 
Cytogenetic study
Whole blood culture was performed in RPMI-1640 pH 7.2 (Sigma-Aldrich, Inc., St. Louis, MI, USA) culture media supplemented with 10 % foetal bovine serum (Himedia, India) and stimulated by phytohaemagglutinin-M (Sigma-Aldrich, Inc., St. Louis, MI, USA). Chromosome preparation and karyotyping was performed following the methods described elsewhere [12] .
Fluorescence in situ hybridization (FISH)
Fluorescence in situ hybridization (FISH) was performed using Spectrum Green labelled probe for pericentromeric region of chromosome X [CEP X (DXZ1)] (Abbott Vysis) as per the manufacturer's instructions. Twenty-five metaphases and 200 interphases were captured under fluorescent microscope with the help of Isis-Metasystems software (Carl Zeiss Microscopy Gmbh, Göttingen, Germany).
Hormonal assay
Follicular-stimulating hormone (FSH) and luteinizing hormone (LH) were measured by chemiluminescence method (Immulite-1000 Analyser, SIEMENS Diagnostic Products, USA) as per the manufacturer's instructions.
Cytogenetic microarray
Cytogenetic microarray experiment was performed with patient genomic DNA using cyto-HD array (Affymetrix, Inc. Santa Clara, CA, USA) as per manufacturers' instruction. Data were analysed with Chromosome Analysis Suite (ChAS) software (Affymetrix, Inc. Santa Clara, CA, USA).
Results
Both the cases presented common clinical characteristics of TS like growth retardation and ovarian dysgenesis. Karyotyping revealed mosaicism for ring X chromosome with two types of cell lines 45, X and 46, Xr (X) in both the cases (Fig. 1) . The percentage of the cell line with 46, Xr (X) in case 1 and case 2 was 50 and 35 %, respectively ( Table 2) . Origin of ring chromosome was determined by FISH using probe for peri centromeric region of chromosome X (Fig. 1) . Degree of mosaicism was further confirmed by scoring FISH signals on metaphases and interphases (Fig. 1) . Hormonal assays from serum revealed level of FSH and LH hormones was 114.34 and 39.28 mIU/ml, respectively, in case 1. In case 2, the level of FSH and LH measured was 38.36 and 15.06 mIU/ml, respectively (Table 1 ). Higher level of both FSH and LH, biomarker of gonadal dysgenesis, was observed in case 1, whereas in case 2 FSH was higher and LH was within normal range (2.5-18 mIU/ml for FSH and 1.9-17.7 mIU/ml for LH). Cytogenetic microarray analysis revealed exact break points on both arms of X chromosomes in each case (Fig. 2) . The size of the r (X) chromosome in case 1 was observed as 75 Mb with 21 Mb deletion of Xp (XpterXp22.12) harbouring 221 genes and 62 Mb deletion of Xq (Xq21.33-Xq28) harbouring 897 genes ( Table 2 ). In case 2, the size of r (X) was 100 Mb with 5.22 Mb deletion of Xp (Xpter-Xp22.31) harbouring 49 genes and 53 Mb Xq deletion (Xq22.1-Xq28) having 736 genes ( Table 2 ). Degree of mosaicism was also evident from cytogenetic microarray experiment on comparing deviation of probe intensity signals from the baseline in both the cases (Fig. 2) 
Discussion
We presented two cases of TS with varying degree of mosaicism for two types of cells with 45, X and 45Xr (X) (Fig. 1) . The cases presented different clinical features associated with TS. Biochemical estimation of the two cases revealed higher level of gonadotropin hormones, LH (in case 1) and FSH (in case 1 and 2), compared to normal range indicating gonadal dysgenesis in both the cases (Table 1) . In previous studies, absence of menarche or amenorrhoea has been reported to be associated with higher level of LH and FSH [6] .
In comparison to case 2, case 1 had more severe symptoms-this could be explained by the amount of Xq deletion [8] . The observed deletion in case 1 (Xpter-Xp22.12 [ Table 2 ). It is also possible that the difference in severity between the two cases may possibly be due to difference in degree of mosaicism for two cell lines 45, X and 46, Xr (X) (50:50 in case 1 compared to 65:35 in case 2). But it is difficult to ascertain the impact of mosaicism on clinical phenotype as level of mosaicism has been reported to go down with age due to unstable nature of r (X) chromosomes [2] . Further, we compared Xp deletions and clinical manifestation observed in our cases with previously reported cases where there is no evidence for ovarian dysgenesis with an Xp terminal deletion [4, 13, 26, 28, 47, 49] . Fertility has been reported to be maintained even when more than two third of the Xp is deleted [16] . However, critical region responsible for menarche is present proximal to Xp11.2 [27] and a case having interstitial deletion between Xp11.2 and Xp11.4 with secondary amenorrhoea [48] has been reported. A case similar to ours (Xpter-Xp22.12 and Xpter-Xp22.31, respectively) had been reported in [4, 49] (Xp22.33-Xp22.12) without any sign of ovarian dysgenesis. Therefore, we considered ovarian dysgenesis in our cases might be due to Xq deletion rather than Xp deletion.
It has been shown that the severity in cases with small ring X chromosome is because of failure of small ring chromosome to be inactivated due to deletion of X-inactive specific transcript (XIST) at Xq13 [22, 43] . In our cases, XIST was intact with the ring chromosome in both the cases negating the role of XIST inactivation in clinical phenotype of patients (Fig. 3) . Previous reports have suggested different critical region on Xq arm to be associated with premature ovarian failure (POF) which involve Xq13.3-q22 [29] and Xq26-q28 [41] . Subsequent studies also suggested Xq26.2-q28 [21] , Xq27.2/Xq27.3-Xq28 [8] and Xq13-21 and Xq23-28 [44] are the regions associated with POF (Fig. 4) . Besides these critical region, breakpoints in Xq13-Xq27 due to balanced X, autosome translocation has been reported in cases of POF [32, 33, 35] .
In our cases, breakpoints on Xq due to ring chromosome formation fall within relatively narrow region Xq21.33 to Xq22.1 coinciding with critical region suggested in [29] (Fig. 4) . We observed two cases reported in [23] [24] having short stature and secondary amenorrhoea with almost similar chromosomal anomalies (mosaicism and Xq deletion) as in our cases 1 and 2 ( Fig. 4) with difference in severity (primary amenorrhoea in case 1 and oligoamenorrhoea amenorrhoea in case 2). Similar to case 2, Xq22.1 -Xter deletion has been reported in a 12-year-old girl with irregular menses [24] (Fig. 4) . As case 1 had a smaller r (X) chromosome compared to case 2, we analysed the additional genes deleted and found that the extra region deleted in case 1 (Xq21.33-Xq22.1) were harbouring genes involved in thyroid hormone signalling, insulin receptor signalling, meiosis regulation, cell cycle regulation and chromatin organization. Alterations in these pathways are reported to be responsible for ovarian dysfunction [1, 5, 9, 31, 36, 46] .
Moreover, it has been observed that irrespective of the size of genetic content loss, majority of patient with Xq deletion have oligoamenorrhoea followed by secondary amenorrhoea or premature menopause [42] . On comparing our cases with already reported cases of partial Xq deletion with ovarian dysfunction, it was observed that the same deletion may have different clinical consequences on ovarian function similar to the observation reported in [20] . Therefore, ovarian for secondary amenorrhoea) from already published data and in our cases. Above ideogram, bars represent critical regions for ovarian dysgenesis suggested in different studies. Diagram modified from [14] dysgenesis related to chromosomal abnormalities can be due to disrupted expression of critical genes [34] , inappropriate gene expression following incomplete paring of X chromosome at pachytene leading to meiotic arrest [34, 35] or position effect of the breakpoints on the flanking X-linked gene or autosomal linked genes.
In conclusion, we cytogenetically characterized the two cases of ring (X) chromosomes and compared phenotypic heterogeneity of these cases with already reported such cases. Cytogenetic microarray exactly mapped breakpoints within comparatively narrow region between Xq21.33 and Xq22.1 in the two cases. Karyotype-phenotype correlation in the two cases suggested manifestation is dependent on degree of genetic material loss in ring (X) formation as well as mosaicism.
